Abstract-Millington effect for on-body propagation enhancement is presented in the 60-GHz band. Millington's equations are developed to describe propagation above a flat inhomogeneous surface. This study focuses on mixed paths (human skin-metallic) for on-body scenarios. It is shown that adding metallic paths on the human skin can improve the power link budget between two nodes placed on the body. Two different schemes are studied experimentally to assess the analytical model using a flat phantom with electric properties of human skin and different lengths of metallic inserts. The first scheme considers a metallic plate between the transmitting and receiving antennas, while the second scheme proposes locating the metallic plates under the antennas. It is shown that the second scheme yields a better link budget than the first one for the same length of metal. Moreover, a numerical study is performed to assess the impact of the following different parameters: the location of the metal plate, size of the plate, and the height of the antennas. Excellent agreement between numerical and experimental results has been shown. In the best cases, the presented techniques allow to improve the path loss of 10-20 dB.
I. INTRODUCTION
Body area networks (BANs) studies have been mainly carried out in the 2.4-GHz band and for ultra-wideband applications [1] , [2] . Operating at higher frequencies, especially at millimeter waves, offers several key advantages including smaller devices and increased data rates. In this frame, various studies on the antenna design and propagation models have been reported for BAN applications in the 60-GHz band.
In particular, analytical and numerical models have been proposed recently to model on-body propagation at 60 GHz. The small skin depth, about 0.5 mm for the human body [3] , allows one to consider a body model with only one layer for propagation studies [4] . The main on-body propagation features have been studied in [5] using a flat body model and Nortons equations. It has been shown that the path loss exponent is about 3.4 for vertical polarization and about 4 for horizontal polarization. These values have been experimentally verified on a flat skin-equivalent phantom. Cylindrical body models have also been considered to study propagation of creeping waves [6] . It has T. Mavridis, L. Petrillo, and P. De Doncker are with the Department of OPERA, Wireless Communications Group, Université Libre de Bruxelles (ULB), B-1050 Brussels, Belgium (e-mail: tmavridi@ulb.ac.be; lpetrillo@ulb.ac.be; pdedonck@ulb.ac.be).
T. Mavridis been shown that the received power in dB follows a linear decay with distance. For a cylinder radius from 0.2 to 0.1 m, attenuation is about 3-4 dB/cm for the vertical polarization and from 4 to 6 dB/cm for the horizontal polarization. These two models lead to different estimations for the received power depending on the chosen geometry. The first one is valid for line-of-sight scenarios while the second one has been developed for non-line-of-sight communications. These models are very attractive to define lower and upper bounds for the received power, and can also be used to study the impact clothes on propagation (Ref. [7] shows that regular textiles have a negligible effect on the path loss exponent). Also, in [8] and [9] , dynamic models based on measurements have been proposed. It has been shown that the body shadowing creates supplementary propagation losses. This high propagation loss is a critical issue for on-body communication systems, and recent studies have been proposed to tackle this problem. A more favorable path loss has been measured in [8] by putting the nodes at larger distances from the body (1 or 2 cm). In [10] , an electro-textile covering the skin between the transmitter and receiver is used to improve the wave propagation along human body.
In this communication, we propose a more realistic scenario in which only some body parts are covered with an electro-textile or metallic inserts. Millington equations are used to analytically investigate this problem. Propagation above mixed propagation paths has been solved using a combination of Norton's equation [11] by Millington [12] , [13] to study propagation above an assumed flat sea taking into account the presence of islands. We propose here to use the Millington equations for 60-GHz BANs. Since it has been shown in [10] that path loss above a lossy dielectric surface is higher than above a conducting surface, we propose to create artificially mixed paths composed of skin and metallic sheets, with the aim to increase the link budget without covering all surfaces with a metallic layer.
This communication is organized as follows. Section II describes the propagation model and analytical formulation used to study the Millington's effect and the Norton's surface wave. An experimental validation of the proposed analytical formulation is proposed in Section III. Numerical simulations are used in Section IV to provide accurate design guide lines. Conclusion is drawn in Section V.
II. ANALYTICAL MODEL

A. Geometry Under Study
The human body is assumed to be a flat lossy half-space in free space. As presented in Fig. 1 , the flat surface modeling the human body is split into N homogeneous regions, where di denotes the length of ith region in the propagation directionx. The relative complex permittivity of each dielectric region is given by ε c i = εi − jσ/ωε0, with εi the real relative permittivity and σi the conductivity of ith segment. All regions are assumed to be nonmagnetic (permeability μ0). The source and observation points are vertically polarized elementary dipoles with current I and equivalent height l. Hence, only the z-component (normal to the surface) of the electric field is considered in the following since it has been shown in [5] and [14] that the vertical polarization is dominant in on-body propagation and that the x-and y-component of the electric field are negligible with respect to the z-component. The source dipole and the observation point are placed alongẑ at heights h and z above the body surface, respectively. In the following, a special focus is given to three-segment surfaces. These segments are assumed to be either human skin or metallic inserts. In all experiments, aluminum inserts of 100 µm with a conductivity σ = 37 × 10 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. S/m have been used. The human skin is assumed to have a real relative permittivity of ε = 7.98 and a conductivity σ = 36.4 S/m [15] .
B. Norton Equations
Since Millington's formulation assumes propagation over a set of homogeneous surfaces, Norton's equations should be used as a prerequisite. They are summarized below for the sake of consistency. Temporal dependence is assumed to be e jωt and is then removed. The solution provided in [10] is given here for vertical polarization and only the z-component of the electric field is considered
where 2 , and
Norton's equation (1) is evaluated at 60 GHz in Fig. 2 for human skin and metallic surfaces with I × l = 1 A.m and for h = z = 3 mm. It can be inferred, as in [5] and [10] , that the path loss exponent is equal to 2 and 4, for propagation over perfect electrical conductor (metal) and skin surface, respectively. This property will be used in the following to enhance propagation over the body using small-size metallic inserts, as described by Millington.
C. Millington Effect
Millington [12] discovered for the first time signal attenuation and recovery at sea-land transitions in the HF band. He introduced a generic approach to determine the power level above an inhomogeneous surface: the recursive equations of the Millington curve fitting method (3)- (7), which is the most accurate available and satisfies the reciprocity condition [16] . These equations are reminded here for the sake of completeness. Millington [12] developed the following method by empirically correcting the nonreciprocity of Norton's equations above in the case of mixed groundwave paths. He proposed to calculate the direct and reversed powers P D and P R (in dB) as follows
With
The total field strength Ptot is then given by
In these equations, Pi(x) is the power in dB at the homogeneous ith segment at distance x and it can be noted that the distance ρ = N n=1 dn. If a three-path scenario is considered, it can be written as
and the reversed field strength Pr as
III. EXPERIMENTAL RESULTS
Measurements have been conducted in a semi-anechoic environment using a Rhode & Schwartz vector network analyzer (VNA), with 101 equally spaced frequency points spanning from 55 to 65 GHz. The IF bandwidth has been set to 10 Hz and the transmitter power to 0 dBm. Time gating has been used in order to remove multipath effects. The cut-off time delay was set to 0.16 ns plus the expected delay of the main propagation path. A photograph of the measurement setup is provided in Fig. 3 .
The propagation surface is a flat body phantom whose electric properties have been presented in [17] . In order to measure the field strength over the propagation surface, open-ended vertically polarized WR-15 waveguides without flanges are used as transmitting and receiving antennas. The receiving waveguide is mounted on a digitally controlled positioner with a 0.05-mm resolution. The path loss has been measured over a distance between the transmitting and receiving waveguides ranging from 5 to 50 cm. The waveguide apertures are located about 3 mm above the surface (h = z = 3 mm, in Fig. 1 ). Norton's formulations validity for determining propagation over a flat surface using open waveguides has been proven [5] , which allows comparing measurement results with the analytical model of Section II.
Seven measurement scenarios have been considered, as summarized in Table I ; they are based on different combinations of metallic/phantom segments. Metallic inserts have been used in practice for metallic regions; the strip width is fixed (5 cm), whereas their lengths vary, as reported in Table I . Further transmission measurements have shown that wider strip widths do not lead to significant changes in the results. This can also been theoretically understood by noting that the maximum Fresnel radius is 25 mm which is actually exactly like the strip width (one needs to take into account twice the radius). This simply means that the Fresnel ellipsoid is filled up by all the metallic width which allows us to neglect the edge effects and to assume a 1-D geometry. Scenario 0 is defined as the reference one since it corresponds to propagation over a homogeneous flat human skin. The corresponding measured and analytical results are shown in Fig. 4 ; the measured path loss at a distance of 5 cm between the transmitter and receiver is in the range of values obtained in [5] (between −34 and −40 dB attenuation).
Each analytical curve has been normalized with respect to the first measurement. Fig. 4(a) and (b) presents path loss with respect to the distance ρ when inserting a metallic surface between the transmitter and receiver for the different scenarios summarized in Table I . The slope change in the path loss decay is clearly visible at ρ values for which the propagation is on the metallic surface. It is clearly shown that this results in a decrease of the overall path loss. The experimental results are in very good agreement with the analytical model and demonstrate that adding a metallic insert allows improving the propagation over the body. This model leads to the results achieved by [10] which showed that covering all the propagation surface with an electrotextile increases the link budget. Fig. 4(c) demonstrated the role of the location of the metallic plate under the antennas. It is shown that in this case the gain is higher compared to other scenarios.
Discrepancies between theoretical and experimental results show a maximum absolute error of 2.74 dB (for scenario 6) and a mean absolute error of 1.33 dB (for scenario 1). These errors are mainly due to the imperfections of the phantom surface. During the experiments, it has been observed that the antenna was not always at the exactly same height above the surface for different distances. A variation of height of maximum 1 mm has been observed during the measurement campaign. However, measurements and theory are sufficiently similar to validate the theoretical model.
IV. NUMERICAL STUDY AND DISCUSSION
The analytical model can be used in order to determine the minimum path loss achievable with scenarios described in Table II and Fig. 1 . The objective is to optimize the path loss reduction (gain factor) G with and without the use of a metallic plate. In Section II, we assumed that z and h are equal to 3 mm to experimentally validate the analytical model. Here, we also study the impact of the height of the antennas on G. The maximum distance ρ = d1 + d2 + d3 is considered to be 50 cm which is a typical link length that can occur in BAN [1] . Hence, the gain factor G will be defined as
A. Considered Schemes
The first scenario studies the effect of a metallic plate placed between the two antennas. It is called "Skin-Metal-Skin." This scenario is interesting in the field of topology studies and relay device location in BAN [18] . The idea is to replace complex relay devices made up receiver and transmitter by a simple metallic plate if the achieved gain is sufficient.
The second scenario analyzes the propagation when the transmitting and receiving antennas are placed above a metallic plate. It is called "Metal-Skin-Metal." This scheme allows to analytically study the gain factor obtained with the size of the ground plane placed under the antenna. Millington formula here allows one to tackle this problem from the propagation point of view. 
B. Scheme 1: Skin-Metal-Skin
Scheme 1 studies the influence of a metallic inserts between the transmitter and receiver placed on the human body. This metallic insert acts as a "repeater," having a gain factor proportional to its length [ Fig. 4(a) and (b)] . The gain factor G is proportional to the length of metal. In the following, only the sizes d1 and d2 of the skin region and the length of the metallic region are discussed. Fig. 5 shows that the gain factor value G increases with the length of the metallic plate as expected. Also, G increases by placing the transmitter closer to the metallic insert. By reciprocity, the same curves as in Fig. 5 can be obtained by replacing d1 by d3. These results only suggest that the gain factor is higher when approaching the antennas to the insert, and this scenario will be consequently further investigated in the next section (scheme 2). Fig. 6 demonstrates the impact of h and z on the gain factor G. The metallic plate is placed between the two antennas so that d1 = d3 = 0.25 − d2/2. This situation is not optimal as can be seen in Fig. 6 but allows us to analyze the impact of modifying the parameter d2 only. These curves show that G is higher when antennas are closer to the surface. Since the path loss is higher close to the surface, adding a metallic surface shows a stronger effect and save more of the otherwise dissipated power in the surface in this latter case. This suggests that the recovery effect applies to the surface wave component and not on the space wave components (components defined in [5] ).
C. Scheme 2: Metal-Skin-Metal
Scheme 2 studies the influence of a metallic insert placed under the transmitter and the receiver worn on the human body. As shown in Fig. 4(c) , the metallic plates under the antennas result in the increase of the link budget. In the following, the gain factor G is evaluated considering d1 + d2 + d3 = 0.5 m. Let us define the total length of metal as dmetal = d1 + d3, the coefficients α1 and α3 are defined as follows: α1 = d1/dmetal and α3 = d3/dmetal = 1 − α1. Fig. 7 presents the variation of G with dmetal. Using equal values for α1 = α3 = 0.5 leads to the best performance. In [19] , the effect of a circular groundplane is studied. It is shown that increasing the groundplane size decreases the currents in the propagation surface and reduces the energy transmitted inside the surface. This leads to a better link budget as suggested by the results presented here. The radiation patterns presented in [19] show that more power is dissipated in the surface closer to the antennas. In conclusion, the metallic surface increases the link budget and by reciprocity, it can be noted that swapping α1 and α3 gives the same results. Fig. 8 presents the gain factor for different values of the antenna heights h and z with a coefficient α1 = 0.5 which is the optimal value. The results are not as straightforward as in Fig. 6 . Two different effects contribute to the modification of the path loss. When h varies, the radiation pattern of the antenna does change as well, thereby leading to an increase or a decrease in the gain toward the Rx direction. In addition, as h increases, the shielding effect of the ground plane becomes less effective and more energy is lost inside the skin. These considerations are similar to the ones discussed in [20] . Fig. 7 shows that by increasing the length of the metal plates under the antennas, the budget link increases. It can be inferred that metal plates reduce the surface losses. However, since the path loss has a logarithmic decay, the surface losses are not uniform along the propagation path and hence, similar lengths of metal plates (as shown in Fig. 5) give different gain factors with respect to their position. The best link budget is therefore achieved with scheme 2 for a same total length of metal. It is shown that the use of a 3.5-cm metallic plate in front of each antenna allows improvement of the power budget by 10 dB. This seems to be a high constraint. However, in Section III, a metallic adhesive paper has been used and it showed great performance. The malleability of such matter makes it practical for body-centric communications. Also, scheme 1 increases the link budget of about 5-10 dB by using a metallic surface between the two antennas. This can be useful for replacing relays and saving power with a passive structure. In total, using the two presented schemes and multiple electro-textile surfaces may accommodate saving up to 30 dB without the need of any active equipment.
D. Discussion
V. CONCLUSION
Millington's equations are proposed to model propagation over mixed paths in the scope of wireless BANs. The mixed paths include human skin and metallic surfaces. Millington's formulation allows one to address the problem of discontinuities between these two materials. In complement to Millington's equations, Norton's solutions have been used in order to solve the propagation above flat surface.
It has been quantitatively shown that using longer metallic insert increases the path loss reduction and therefore, increases the link budget. Placing a metallic surface between the two antennas allows one to save between about 1 and 10 dB depending on the length of the surface. However, placing the metallic plate under the antennas allows saving up to 20 dB for the same size of the surface. This technique can easily be implemented for passive relaying of power. The path loss improvement has been presented for an ideal flat body geometry. Accounting for the effects of body curvature and body movements is beyond the scope of this letter.
I. INTRODUCTION
Snow over sea ice modulates ocean-ice-atmosphere interactions. Also, snow thickness is needed to estimate sea ice thickness from free-board measurements [2] . The University of Kansas Center for Remote Sensing of Ice Sheets (CReSIS) has designed, developed, and deployed ultrawideband, frequency-modulated, continuous-wave (FMCW) radars for airborne measurements of snow thickness [2] . One of these operates over the frequency range 2-8 GHz to map snow-air and snow-ice interfaces to estimate snow thickness and is referred to as snow radar [2] , [3] . The other, referred to as Ku-band altimeter, operates over the frequency range 12-18 GHz, and measures surface elevations with high precision [4] . The concurrent operation of both radar systems is thus able to provide distinct information on snow thickness over sea ice. We have been operating two ultrawideband microwave radars on NASA aircraft as a part of the operation icebridge (OIB) [3] .
Snow-water-equivalent (SWE) is also of interest, because snow is the primary source of fresh waters in many areas of the world. Current wide-area survey of SWE is based on the quad-polarized measurement of off-nadir volume backscatter at the X-and Ku-bands [5] - [8] .
To integrate the capability of measuring off-nadir backscatter and the ability of measuring thin snow, we have proposed a new 2-18-GHz multichannel airborne snow radar for concurrent measurement of snow thickness and SWE [9] , [10] .
One of the key components in the new system is an ultrawideband receive antenna operating over a 2-18-GHz frequency range with
